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ABSTRACT
We use a high performance fully GPU N-body code with adaptive time steps to show that dark
matter candidates in the form of primordial black holes can induce a cusp-to-core transition
in low-mass dwarf galaxies via dynamical friction by dark matter particles at 1 M mass
resolution acting on primordial black holes in the mass range 25 - 100 M . This mechanism
requires a lower limit on the primordial black hole mass fraction of 1% of the total dwarf
galaxy dark matter content. The transition time-scale is between 1 and 8 Gyr and depends on
the mass, the mass fraction and the scale radius of the initial density profile of the primordial
black hole distribution.
Key words: primordial black hole - halo dynamics - methods: N-body simulations - galaxies:
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1 INTRODUCTION
The nature of dark matter (DM) is one of the major unsolved prob-
lems in astrophysics. the most popular dark matter candidates in-
clude weakly interacting massive elementary particles (WIMPs),
such as super-symmetric neutralinos or axions. An alternative pro-
posal to explain the nature of dark matter is that DM could be made
of macroscopic compact halo objects (MACHOs) such as primor-
dial black holes (PBHs) (Zel’dovich and Novikov 1967; Hawking
1971). These PBHs could naturally be produced in the early Uni-
verse via cosmic inflation, without the need to appeal to new physics
beyond the standard model (Inomata et al. 2017; Clesse and García-
Bellido 2015). There are currently three allowed mass windows
around 4× 10−17, 2× 10−14 and 25 - 100 M . PBHs can constitute
much or even all of the dark matter in these mass windows by con-
sidering only themost well-established bounds and neglecting those
that depend on additional astrophysical assumptions. However, tak-
ing into account all of the astrophysical constraints means that the
PBH-DM fraction can stll be as much as ∼ 0.1 (Carr et al. 2017).
Despite the fact that there is still no direct evidence for PBHs, the
25 - 100 M mass window is of special interest in view of the re-
cent detection of black-hole mergers by LIGO (Abbott et al. 2016).
Moreover, the observed LIGO detection rates can be explained for a
PBH mass fraction of order 0.001 to 0.01(Sasaki, Suyama, Tanaka
? Contact e-mail:boldrini@iap.fr
& Yokoyama 2016; Kovetz 2017). In the future, the Laser Interfer-
ometer Space Antenna (LISA) could potentially also detect PBHs
in this mass window (Amaro-Seoane et al. 2017).
Although the cold dark matter paradigm can successfully ex-
plain various observations at different scales, there are unresolved
problems indepedant of baryons, most notably the cusp-core prob-
lem but also tensions with overpredictions of dwarf galaxy num-
bers and the too-big-to-fail and diversity issues (see e.g. Bullock &
Boylan-Kolchin (2017) for a recent review). Here we focus on the
core/cusp problem.
Measurements of galaxy rotation curves and dynamicalmodels
of dwarf spheroidal galaxies (dSphs) have revealed that the density
profile of the DM halos is constant at the centres of dwarf galaxies
and corresponds to a cored profile (Moore 1994; Burkert 1995; de
Blok et al. 2001; Swaters et al. 2003; Spekkens et al. 2005; Walker
& Peñarrubia 2011). In contrast, cosmological simulations have
generally predicted a steep power-law mass-density distribution at
the centre of CDMhalos, specifically a cuspy profile∼ 1/r (Navarro
et al. 1997; Fukushige & Makino 1997; Moore et al. 1998; Navarro
et al. 2010).
One explanation for the cusp-core problemwithin the paradigm
of cold dark matter relies on the effect of baryonic physics to con-
vert the cusp into a core via changes in the gravitational potential
caused by stellar feedback redistributing gas clouds, generating bulk
motions and galactic winds along with heating by dynamical fric-
tion of massive clumps (e.g. Navarro et al. 1996; Ogiya & Mori
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CPU 2 Intel Xeon Silver 4114 Processor, 20 cores, 2.2 GHz
GPU Nvidia GeForce GTX 1080 Ti, 3584 cores, 1.582 GHz
GDDR5X 11 GB
Compiler gcc 4.8, CUDA 9.0
Table 1.Description of computational environment used for our simulations.
2011; Teyssier, Pontzen, Dubois & Read 2013; Pontzen & Gover-
nato 2012; El-Zant, Shlosman & Hoffman 2001; Goerdt, Moore,
Read & Stadel 2010; Inoue & Saitoh 2011).
In collisionless systems, stellar particle encounters lead to the
relaxation of particles with similar kinetic energy and drive the
system to energy equipartition. Systems comprised of particles of
differing masses will also drive mass segregation processes. As an
example, massive stars or MACHOs fall toward the center of the
potential well and their energy is transferred to the lighter stars,
which move away from the center (Spitzer 1969; Chandrasekhar
1943). Consequently, the stellar system can expand and the density
profile of the system can change due to this diffusion process (Brandt
2016; Koushiappas & Loeb 2017; Zhu, Vasiliev, Li & Jing 2018).
Here, we propose that PBHs can induce a cusp-to-core tran-
sition in dark matter halos through gravitational heating from two
principal mechanisms, dynamical friction by DMparticles on PBHs
and two-body relaxation between PBHs. The relaxation time is pro-
portional to N/ln(N), where N is the number of particles. Assuming
100M PBHs and 107 M halo, relaxation will take between 1 and
12 Gyr depending on the PBH-DM fraction fm considered between
1 and 0.01. In comparison, the relaxation time for 108 (109 M)
halos will be 10 (100) times longer than for 107 M and perhaps
longer than the age of the Universe, which is why we focus here
on low-mass dwarf galaxies. We explore the cusp-core transition
using high performance N-body simulations on GPU to probe the
PBH-DMmass fraction in 107 M dwarf galaxies. Our simulations
allow a mass resolution of 1 M for DM particles. We work with
PBHs in the mass range of 25 - 100 M . The paper is organized as
follows. Section 2 provides a description of N-body modelling and
our numerical simulations. In Section 3, we present our new mech-
anism, which can induce a cusp-to-core in low mass dwarf galaxies.
In Section 4, we show our simulation results and discuss the impli-
cations of PBH as a dark matter candidate. Section 5 presents our
conclusions.
2 N-BODY MODELLING
In this work, we consider dark matter halos composed of DM and
PBH particles. We define the PBH-DM mass fraction as
fm =
MPBH
MDM
, (1)
where MPBH and MDM are the total masses of PBH and DM parti-
cles. For our halos, we assume the NFW form (Navarro et al. 1996):
ρ(r) = ρ0
(
r
rs
)−1 (
1 +
r
rs
)−2
, (2)
with scale density ρ0 and scale length rs. For the simulations, we
focus on low mass dSphs with masses of 107 M at redshift z = 2
because these galaxies are likely formed in lower density environ-
ments at this late epoch. Given the halo mass and redshift, the halo
concentration c200 can be estimated from cosmological N-body
simulations (Prada et al. 2012). The halo is composed of DM and
PBH particles with a total mass of 107 M . All runs were made
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Figure 1. Tests of numerical accuracy: Density profiles of a halo composed
of 100 M PBHs to test the impact of the accuracy control parameter A
(left panel) and softening length  (middle panel) in simulations. We tested
the impact of the accuracy control parameters of 2−6, 2−7, 2−8 and 2−9
for a halo with fm = 0.1 and rPBHs = rDMs . Density profiles of DM+PBH
particles hold the initial distribution for all the different parameter values.
The middle panel shows our softening convergence test for 0/2, 0 and 20,
where 0=1.331 pc. Indeed, the core size of DM particles is independent of
the softening for a halo with a mass fraction of 0.5. The right panel describes
density profiles of a halo composed only with DM particles ( fm=0) and a
halo composed only with PBH particles ( fm=1). The DM profiles at the
beginning T = 0 Gyr (dashed line) and at the end of the simulation T = 11
Gyr (solid line), which are nearly identical, show the stability of our halo.
However, there is core formation for fm=1 due only to two-body relaxation
between PBHs.
with DM particles of 1 M . We test DM halos composed of [25,
50, 75, 100] M PBHs.
To generate our NFW halos, we use the initial-condition gen-
erator, magi. Adoption of a distribution-function-based method en-
sures that the final realization of the halo is in dynamical equilibrium
(Miki &Umemura 2018).We perform our simulations with the high
performance collisionless N-body code, gothic. This gravitational
octree code runs entirely on GPU and is accelerated by the use of
hierarchical time steps in which a group of particles has the same
time step (Miki and Umemura 2017). Table 1 summarizes the com-
putational environment. We evolve the PBH-DM halo over 11 Gyr
by adopting the softening length of 0 =1.331 pc and the accuracy
control parameter of A0 = 2−7. We ran N-body simulations for 107
M DMhalos composed of PBHs in themass range between 25 and
100 M . We explore three different PBH-DM mass fractions fm =
[0.5, 0.1, 0.01]. In our simulations, we assume that the DM and PBH
profiles follow NFW profiles with the same concentration. Here, we
test two different scale lengths for the PBH profile: rPBHs = rDMs
and rPBHs = rDMs /2. The second corresponds to a scenario where
the density of PBHs is enhanced in the central region. Indeed, we
suppose that mass segregation of PBHs would occur, and this in-
creases the density of PBHs at the centre. This scenario should
also enhance the formation of cores due to dynamical heating by
PBHs in the DM environment. It will also accelerate the two-body
relaxation between PBHs.
MNRAS 000, 1–7 (2019)
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Figure 2. Auto-redistribution of PBH and DM particles: Comparison between T = 0 Gyr (dashed line) and T = 11 Gyr (solid line) of the interior mass of DM
particles (left panel) and 100 M PBH (right panel) particles within the halo center for the three different mass fraction fm and and rPBHs = rDMs . The profiles
show that DM particles moved to outer regions and PBHs falt to the halo center. This phenomenon is due to dynamical friction by the DM environment on
PBHs and to a lesser extent by two-body relaxation of PBHs.
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Figure 3. Heating of DM particles: Ratio between DM radial velocity
dispersion for fm = 0.5 and fm = 0 as a function of time at different
radii. The halo with fm = 0.5 contains 100 M PBHs following an initial
NFW profile with rPBHs = rDMs . Over time, the velocity dispersion ratio
increases, especially at the center, due to PBH heating processes, which are
two-body relaxation and dynamical friction effect of PBHs. This leads to
core formation.
3 EVIDENCES FOR CORE FORMATION FROM
GRAVITATIONAL HEATING BY PBHS
First, we assess the impact on the halo density profile in our sim-
ulations of the two numerical parameters, which are the accuracy
control parameter A and the softening length  . We tested 2−6,
2−7, 2−8 and 2−9 for the accuracy control parameter in a halo with
fm = 0.1 andmPBH = 100M . The left panel of the Figure 1 shows
that density profiles of DM+PBH particles hold the initial distribu-
tion for all the different values of the accuracy control parameter.
To test how the softening length impacts on the density profile of
DM particles only and the core size, we ran simulations with three
different softening lengths  = 0/2, 0 and 20 in order to ensure
that our simulations do not suffer from numerical noise. We applied
this test on a halo with fm = 0.1 and mPBH = 100 M expected
to have core formation. The middle panel of Figure 1 reveals that
softening length or particle size does not affect the density profile
of DM particles only and its core size. Thus, numerical artifacts
are not responsible for core formation. We tested also the stability
of our halo composed only with DM particles ( fm=0) over 11 Gyr.
We compare our halo profiles at the beginning (T=0 Gyr) and at the
end (T=11 Gyr) of the simulation, which are nearly identical for all
radii, on the right panel of Figure 1. We added the density profile
of a halo composed only with PBHs ( fm=1), which highlights core
formation due to two-body relaxation between PBHs. As we show
that numerical effects do not initiate core formation, we need to
provide evidence for the dynamical mechanism, which will induce
the cusp-to-core transition. Figure 2 compares the number of DM
(left panel) and 100M PBH (right panel) particles within the halo
center for three different mass fractions fm between T = 0 Gyr and
T = 11 Gyr. Profiles in Figure 2 illustrate that contrary to the DM
particles, the number of PBHs increases in the central region. This
results in the PBHs falling in towards the central region. By falling
in, PBHs will transfer energy to the DM particle field via dynamical
friction. This is the reason why DM particles move to the outer
regions as we see in the left panel of Figure 2. Another important
dynamical effect is two-body relaxation between PBHs, which en-
hances the DM particle migration. The DM velocity dispersion is
sensitive to these energy exchanges between PBH andDMparticles.
Figure 3 compared the DM radial velocity dispersion for fm = 0.5
and fm = 0 as a function of time at different distances from the halo
center. The halo with fm = 0.5 contains 100 M PBHs following
an initial NFW profile with rPBHs = rDMs . We highlight that the
velocity dispersion ratio increases rapidly, especially in the central
region over time, due to PBH heating processes, which are two-
body relaxation and dynamical friction effect of PBHs. This leads
to core formation. In addition, Figure 4 shows the evolution of the
DM particle velocity within a radius of 100 pc as the DM cusp-to-
core transition occurs for a halo with fm = 0.5, 100 M PBHs and
rPBHs = r
DM
s . As the DM velocity increases in the central region,
the DM density profile changes until core formation occurs. This
figure demonstrates that core formation goes along with dynamical
heating of DM particles.
MNRAS 000, 1–7 (2019)
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Figure 4. Cusp-to-core transition due to heating: DM density profiles (left
panels) and DM particle velocity maps within a radius of 100 pc (right
panels) over the time. The red points represent the initial DM density profile
of a halo with fm = 0.5, 100 M PBHs and rPBHs = rDMs . All the maps
show that core formation goes with dynamical heating of DM particles.
4 RESULTS
Figure 5 shows all the density profiles of DM+PBH particles, DM
particles only and PBH particles only, after T = 11 Gyr for all 107
M runs. As we expect, two-body relaxation between PBHs and
dynamical friction effects from DM particles modify the density
profiles of all of the DM components. In order to determine if there
is core formation in our halos, we do a single-component fit for the
DM+PBHprofile and separate fits forDMandPBHprofiles.Wefind
that all of our profiles are well fit by the following five-parameter
formula:
ρ(r) = ρcW(r) + (1 −W(r))ρNFW(r), (3)
where ρc is the central core density andW(r) is defined as
2W(r) = 1 − erf
( r − rc
2∆
)
, (4)
where rc is the core radius and ∆ is a parameter to control the sharp-
ness of the transition from the core to the NFW profile. It repro-
duces the simulated density structures and captures the rapid tran-
sition from the cusp to the core. We set Poissonian errors for fitting
weights. Our results suggest that it is natural to have multiple cores
for two DM components. Indeed, the core radii of PBH+DM, DM
and PBH profiles differ. Based on a reduced chi-squared method,
fits of the DM component provide the best-fit values of core radii
(see Table 2). We consider these core radii to determine whether
a transition appears in our simulation. The smallest core size in
the simulations is of the order of 10 pc, which corresponds to our
spatial resolution. Thus, we assume that a cusp-to-core transition
occurred when the core size rc becomes greater than our spatial
resolution. Table 2 describes the simulations where PBHs induced
a core formation in the profiles.
Now, we have the relation rc(t) when the cusp-to-core transi-
tion occurs in the simulations. We invert the function in order to
calculate the time ratio Tc(rc)/Tr(rc), where the relaxation time Tr
is given by (Binney & Tremaine 2008):
Tr(r) ' v
3(r)
8pi(ndm2d + npm2p)G2 ln
( r200

) , (5)
where nd and md (np and mp) are the number-density and mass
of DM (PBH) particles, respectively. v,  and r200 represent the
velocity, the softening length and the virial radius, respectively.
We notice that the ratio Tc(rc)/Tr(rc) is almost constant over
the time. Furthermore, it does not strongly depend on the fraction
fm, the PBH mass mPBH or the PBH scale radius rPBHs . Indeed,
we establish that the time ratio is O(100) for both rPBHs models.
Using our simulation results, we predict Tc(rc) by an estimation
of the relaxation time. Then, we draw (f, mPBH) maps to find out
when the cusp-to-core transitions occur with their corresponding
core radius for both rPBHs models (see Figure 6). The white line
marks the limit of the cusp-to-core transition based on the criterion
linked to our spatial resolution. We set the time ratio value of 300
for both rPBHs models in order to be consistent with our simulation
results. This discrepancy between the time ratio values is certainly
due to our core estimation based only on DM fits. We can establish
that a cusp-to-core transition occurred for Tc(r)/Tr(r) 6 300.
As one can see, the top panel of Figure 6 demonstrates that
higher PBH mass and higher density regions for a PBH profile
(rPBHs = rDMs /2) generates larger core sizes. In the top panel, our
maps show that at least 1% of DM can be formed of PBHs depend-
ing on the initial PBH distribution. The bottom panel reveals that
the cusp-to-core transition takes between 1 and 8 Gyr to occur de-
pending on the fraction fm, the PBHmass mPBH and the PBH scale
radius rPBHs . This means that low mass galaxies can merge after the
transition in order to form more massive galaxies (108 M) with
a larger halo core, which is consistent with observed galaxies. In
fact, only a merger of two cored halos yields a cored halo, because
a merger of a cuspy halo with a cored halo or a second cuspy halo
produces cuspy halo (Boylan-Kolchin & Ma 2004).
5 CONCLUSIONS
We have proposed that primordial black holes as dark matter candi-
dates can initiate a cusp-to-core transition in 107 M halos such as
in low-mass dwarf galaxies. We successfully ensured the accuracy
and stability of our simulated halos. We provide strong evidence for
dynamical heating processes such as two-body relaxation between
PBHs and dynamical friction on PBHs by the DM particle field,
responsible for core formation. At the same time, we show that
numerical artifacts, due, for instance, to softening length, do not
play any role in core formation. We ran N-body simulations with a
high performance and fully GPU-adapted code in order to test the
PBH-DM mass fraction fm and PBH mass mPBH. Our simulations
MNRAS 000, 1–7 (2019)
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Figure 5. Cusp-to-core transition for different mass fraction fm, scale radius rPBHs and mass of PBHs mPBH: In each subset, the left panel corresponds to the
overall density profile of DM+PBH, the middle panel to the DM density profile separately, and the right panel to the PBH density profile separately after T = 11
Gyr. DM and PBH particles have masses of 1 M and 100 M , respectively, distributed with NFW density profile with rPBHs = rDMs . Dashed lines represent
the initial density profiles for DM+PBH, only DM and only PBH particles, respectively. The DM-PBH halo has a total mass of 107 M . We explore three
different PBH-DM mass fractions fm = [0.01, 0.1, 0.5], defined as MPBH/MDM where MPBH and MDM are the total mass of PBH and DM particles. Heating
processes between PBH and DM particles induce a transition from cusp to core for DM+PBH , only DM and only PBH particles. The black lines correspond
to our profile fits. The size of formed cores are marked by arrows. In order to determine if there is core formation in our halos, we did a single fit for DM+PBH
profile and separate fits for DM and PBH profiles. We set Poissonian errors for fitting weights. Our results suggest that it is natural to have multiple cores for
two DM components. However, the core radius of PBH+DM, DM and PBH profiles differ. Upper right panel: same as upper left panel with (mPBH = 100
M , rPBHs = rDMs /2). Middle left panel: (50 M , rDMs ). Middle right panel: (50 M , rDMs /2). Lower left panel: (25 M , rDMs ). Lower right panel: (25 M ,
rDMs /2).
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Figure 6. Core size and core formation time for different initial profiles: ( fm, mPBH) maps showing when the cusp-to-core transitions occur with their
corresponding core radius (top panel) and typical transition time for both for rDMs models and rDMs /2 models. The core radii were calculated for Tc =11 Gyr.
Markers on maps represent our simulation results. On top panels, the white line marks the limit of the cusp-to-core transition based on the criterion linked to
our spatial resolution on core radii, which is about 10 pc. We set the time ratio value of 300 for both rPBHs models in order to be consistent with our simulation
results. The top panels demonstrate that higher PBH masses and higher density regions for PBH profiles (rPBHs = rDMs /2) generates larger core sizes. These
maps show that at least 1% of DM can be PBHs, depending on the initial PBH distribution. The bottom panel reveals that the cusp-to-core transition takes
between 1 and 8 Gyr to occur depending on the free parameters.
allow a mass resolution of 1 M for DM particles. Finally, we set
the lower limit on the PBH-DM mass fraction to be 1% of the total
dark matter content depending on the initial PBH distribution. This
result is based on our estimation of Tc/Tr (ratio of core formation
to relaxation time), which is set at 300. Here, we have shown that
this scenario works even for a small fraction of PBHs. We deter-
mine that the cusp-to-core transition takes between 1 and 8 Gyr
to appear, depending on the fraction fm, the PBH mass mPBH and
the PBH scale radius rPBHs . After a transition, the major impact of
the PBH-DM mass fraction and mass is on the core size. Indeed, a
larger PBH fraction and mass will induce a larger core radius. As
lowmass galaxies require less than 8 Gyr to form cores, higher mass
galaxies with larger cores as observed can form in the hierarchical
scenario. The existence of PBHs in the mass range studied here, 25
- 100 M , can possibly be confirmed by the Laser Interferometer
Space Antenna (LISA).
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